Activated dsRNA-dependent serine/threonine kinase PKR phosphorylates the alpha subunit of eukaryotic initiation factor 2 (eIF2α), resulting in a shut-off of general translation, induction of apoptosis, and inhibition of virus replication. PKR can be activated by binding to dsRNA or cellular proteins such as PACT/RAX, or by its conjugation to ISG15 or SUMO. Here, we demonstrate that PKR also interacts with SUMO in a non-covalent manner. We identify the phosphorylable tyrosine residue 162 in PKR (Y162) as a modulator of the PKR-SUMO non-covalent interaction as well as of the PKR SUMOylation. Finally, we show that the efficient SUMO-mediated eIF2α phosphorylation and inhibition of protein synthesis induced by PKR in response to dsRNA depend on this residue. In summary, our data identify a new mechanism of regulation of PKR activity and reinforce the relevance of both, tyrosine phosphorylation and SUMO interaction in controlling the activity of PKR.
The dsRNA-dependent serine/threonine kinase PKR has an essential role in innate immunity to viral infection due to its ability to phosphorylate eIF2α and to inhibit general translation. In addition, PKR has been involved in the regulation of the p53, NFκB, p38MAPK or insulin pathways 1 . PKR is induced by type I interferon and is activated upon binding to dsRNA, which causes the homodimerization and autophosphorylation of PKR at several residues located on both, the N-terminal dsRNA binding domain and the C-terminal kinase domain [2] [3] [4] . PKR can also be activated by binding to heparin, PKR-activating protein (PACT), or ISG15 [5] [6] [7] . Recently, we demonstrated that covalent attachment of small ubiquitin-like modifiers (SUMO) to PKR protein also enhanced the activation of the kinase and contributed to its antiviral activity 8 . SUMOylation of a substrate can be promoted by the presence of SUMO interacting motifs (SIMs) that mediate non-covalent interaction with SUMO [9] [10] [11] [12] . SIMs consist of a short core sequence of hydrophobic amino acids (V/I/L)X(V/I/L)(V/I/L), which are frequently flanked by a stretch of acidic residues that may play a role in increasing the affinity or in determining the orientation of the interactions 13, 14 .
In this report, we show that PKR can interact with SUMO in a non-covalent manner and we identify the phosphorylable tyrosine residue 162 as a modulator of both, non-covalent and covalent PKR-SUMO interaction. Mimicking tyrosine phosphorylation by mutation of this tyrosine residue to aspartic acid abolished PKR-SUMO interaction, regulated PKR SUMOylation and inhibited the activation of PKR by SUMO. In summary, the results shown here identify a new mechanism involved in the regulation of PKR activity, reinforcing the relevance of tyrosine phosphorylation and SUMO interaction in this process. 
Results and Discussion
PKR-SUMO interaction is modulated by Y162 in PKR. We recently reported that PKR can conjugate to SUMO in vitro and in vivo 8 . We also know that some SUMOylated proteins can interact with SUMO in a non-covalent manner 9, 12, [14] [15] [16] [17] . The short core sequence of hydrophobic amino acids (V/I/L)X(V/I/L)(V/I/L) was reported to be the minimal motif needed for SUMO interaction (Song et al., 2004) . The amino acid sequence of PKR contains 10 domains consisting of hydrophobic residues with this sequence, three located at the N-terminal part of the protein (72VEIL75, 102IGLI105 and 163LQIL166) and 7 at the C-terminal part of PKR (270IELI273, 318VNIV321, 389VLAL392, 420IFLV423, 474LGLI477, 475GLIL478 and 481LLHV484). To evaluate the non-covalent interaction of PKR with SUMO, we performed a GST-pulldown assay using [ 35 S]methionine-labeled in vitro-translated PKR protein or the C-terminus of PKR (amino acids 266-550) and either GST or GST-SUMO1. As shown in Fig. 1A , PKR was able to interact with GST-SUMO1 but not with GST, indicating that PKR interacts with SUMO1 in a non-covalent manner. We did not observe interaction between GST-SUMO1 and the C-terminus of PKR ( Fig. 1A ), suggesting that the SUMO-PKR interaction occurs through the N-terminus of PKR.
It has been reported that phosphorylation and/or negative charged amino acids juxtaposed to the hydrophobic core of the SIM can modulate SUMO binding [18] [19] [20] . PKR is phosphorylated at several residues and phosphorylation of PKR contributes to regulate its activity. Interestingly, two of the putative SIMs in the N-terminus of PKR, SIM-102 (IGLI) and SIM-163 (LQIL), are preceded by autophosphorylable tyrosine residues (Y101 and Y162, respectively) that have been previously reported to be important for PKR activity 3 . Therefore, we generated PKR mutants in the SIM-102, SIM-163, and in tyrosine residues Y101 and Y162. In the case of tyrosine mutations, these amino acids were changed to alanine or aspartic acid residues, changes that block or mimic tyrosine phosphorylation, respectively. We then evaluated the non-covalent interaction of the mutants with SUMO1 using an in vitro GST pulldown assay. We observed that the PKR-SIM102, PKR-SIM163, PKR-Y101D, PKR-Y101A or PKR-Y162A mutants interacted with GST-SUMO1 similarly to the PKR-WT protein ( Fig. 1B) . However, as shown in Fig. 1B , we did not observe interaction between PKR-Y162D and GST-SUMO1. To confirm these results in vivo, PKR-deficient cells (PKR−/−) were co-transfected with SUMO2 and PKR-WT or PKR-Y162D, and 36 h after transfection SUMO2 protein was immunoprecipitated using anti-SUMO2 antibody. As shown in Fig. 1C , anti-SUMO2 antibody immunoprecipitated PKR-WT protein but not the PKR-Y162D mutant protein. These results indicate that the specific substitution of this autophosphorylable tyrosine residue 162 in PKR by aspartic acid inhibits the non-covalent interaction of PKR with SUMO proteins.
For some proteins, the non-covalent interaction with SUMO can mediate their SUMOylation by facilitating the recruitment of SUMO-loaded Ubc9 9,12,14-17 . Since Y162D mutation abolished the non-covalent binding of PKR to SUMO, we decided to analyze whether its SUMOylation is also altered. First, we carried out an in vitro SUMOylation assay using [ 35 S]methionine-labeled in vitro-translated PKR-WT or the PKR mutants PKR-SIM102, PKR-SIM163, PKR-Y101D, PKR-Y101A, PKR-Y162D and PKR-Y162A, as substrates. As reported previously 8 , the addition of SUMO1 to the SUMOylation reaction led to the appearance of at least three PKR-WT-SUMO1 bands of around 85, 105 and 125 kDa ( Fig. 1D) . A similar pattern of SUMO conjugated products was observed when we employed the PKR mutants in the SIM domains, PKR-Y101D, PKR-Y101A or PKR-Y162A as substrates ( Fig. 1D ). However, the PKR-Y162D mutant exhibited an altered SUMOylation pattern characterized by a stronger 85 kDa band and reduced intensity of the 105 and 125 kDa bands (Fig. 1D ). These results suggested that phosphorylation of the residue 162 modulates the conjugation of SUMO1 to PKR. To verify the phosphorylation of the Y162D mutant, PKR−/− cells were transfected with PKR-WT, PKR-Y162D or PKR-Y162A and the protein immunoprecipitated with anti-PKR antibody was analyzed by Western-blot with anti-phosphotyrosine antibody. As shown in Fig. 1E , the ratio between tyrosine phosphorylated and total PKR protein was higher for the PKR-Y162D mutant than for the PKR-Y162A mutant, and similar to the one detected for PKR-WT protein.
To confirm the altered SUMO conjugation of the PKR-Y162D mutant, we co-transfected HEK-293 cells with Ubc9, His6-SUMO2 and pcDNA, HA-PKR-WT or the HA-PKR-Y162D mutant, and 36 h after transfection the histidine-tagged purified proteins were analyzed by Western-blot using anti-HA antibody. As shown in Fig. 1F , we detected the HA-PKR-WT-SUMO2 bands, as expected 8 . In addition, we observed a clear reduction in the SUMO2 modification of the PKR-Y162D mutant (Fig. 1F ). Similar results were obtained after analysis of the transfected proteins by immunoprecipitation. For this, PKR-WT or PKR-Y162D transfected in PKR−/− cells were immunoprecipitated with anti-PKR antibody and then analyzed by Western-blot with anti-SUMO2 antibody. We observed bands corresponding to PKR-WT protein modified by SUMO2 that were clearly reduced in the lane corresponding to PKR-Y162D ( Fig. 1G ), indicating that Y162D mutation inhibited PKR SUMO2 modification and suggesting that the phosphorylation of PKR at Y162 regulates covalent PKR-SUMO2 interaction.
Y162D mutation in PKR abolishes its activation by SUMO. Phosphorylation of PKR at tyrosine res-
idues promotes the activity of the protein 3 , whereas inhibition of PKR SUMOylation reduces its capability to inhibit protein synthesis upon dsRNA treatment and to control VSV replication 8 . We thus decided to evaluate the activity of the Y162D mutant in the presence or absence of SUMO. PKR−/− cells were first co-transfected between tyrosine phosphorylated and total PKR protein is shown below the blots. (F) HEK-293 cells were cotransfected with PKR-WT or PKR-Y162D, Ubc9 and His6-SUMO2. At 36 h after transfection, total protein extracts and histidine-purified proteins were analyzed by Western-blot with anti-HA antibody. (G) PKR−/− cells were co-transfected with PKR-WT or PKR-Y162D and SUMO2. At 36 h after transfection, the protein extracts were immunoprecipitated with anti-PKR antibody. Western-blot analysis of the immunoprecipitated proteins with anti-SUMO2 antibody was then carried out. Quantification of VSV protein synthesis at 7 hpi normalized to the actin levels is shown below the VSV-G or VSV-M blots. An arbitrary level of 100 was assigned to cells transfected with pcDNA and the ratios for other samples were expressed as relative values. PKR−/− cells stably transfected with pcDNA, PKR-WT or PKR-Y162D were infected as described above and 24 h after infection were subjected to caspase staining according to the manufacturer specifications. Cells were then subjected to flow cytometry analysis by using FACScan. Each experiment was done in triplicate and repeated three times. Results are mean+/−SE from triplicates, *p < 0.05, Student's t test. (D) In vitro kinase assay with in vitro-translated PKR-WT protein or the PKR-Y162D mutant previously subjected to in vitro SUMOylation assay in the presence or absence of SUMO1. Phosphorylation of eIF2α was detected using anti-phospho-eIF2α antibody. Samples from cropped blots are from the same experiment. The values below the Western-blot panels represent the ratio of p-eIF2α/total eIF2α. (E) PKR−/− cells were co-transfected with the reporter plasmid PGL3-control together with the indicated plasmids, treated with PGL3-control together with 50 or 100 ng of PKR-WT or PKR-Y162D plasmids and 36 h after transfection cells were treated with dsRNA and luciferase expression was measured. The decrease in the luciferase reporter synthesis in the PKR-Y162D transfected cells was significantly lower than the inhibition detected in the PKR-WT transfected cells ( Fig. 2A) , indicative of a reduced efficiency of the mutant to control protein synthesis. We also carried out a Western-blot analysis of HEK-293 or PKR−/− cells transfected with PKR-WT or PKR-Y162D and treated with dsRNA, with antibody against phosphorylated eIF2α. As shown in Fig. 2B , the levels of phosphorylated eIF2α protein in cells expressing PKR-Y162D were lower than in PKR-WT cells. To confirm the reduced activity of PKR-Y162D mutant, we infected PKR−/− cells stably transfected with pcDNA, PKR-WT, or PKR-Y162D with VSV and analyzed the VSV protein synthesis and the apoptosis induced by the virus. We observed higher levels of VSV protein synthesis and lower levels of apoptosis in cells transfected with the PKR mutant than in the PKR-WT transfected cells (Fig. 2C) . These results indicated that the tyrosine residue 162 in PKR is required for an efficient PKR activity. To evaluate whether this decreased activity of the Y162D mutant is due to its altered capability to interact with SUMO, we evaluated the effect of SUMO overexpression on the activity of the Y162D protein. First, we carried out an in vitro kinase assay using in vitro-translated PKR-WT or the PKR-Y162D mutant, and recombinant eIF2α as a substrate, in the presence or absence of SUMO1. As shown in Fig. 2D , PKR-WT induced the phosphorylation of eIF2α, and the incubation with SUMO1 increased the levels of phosphorylated eIF2α, as expected 8 . The levels of phosphorylated eIF2α detected using PKR-Y162D were slightly lower than the ones observed when we employed the PKR-WT protein and this difference was clearly increased in the presence of SUMO1 (Fig. 2D) . These results suggested that phosphorylation of PKR at Y162 abolished the activation of PKR by SUMO. To further prove this hypothesis, PKR-deficient cells were co-transfected with PGL3-control and PKR-WT or PKR-Y162D, in the presence or absence of SUMO1, and 36 h after transfection cells were treated with dsRNA and luciferase expression was measured. As shown in Fig. 2E , the shut off of protein synthesis detected after transfection of PKR-Y162D was significantly lower than the one observed after PKR-WT transfection. Increasing the SUMOylation machinery components significantly enhanced the control of protein synthesis induced by PKR-WT but it did not significantly affect the control of protein synthesis mediated by PKR-Y162D ( Fig. 2E) .
Finally, in order to determine whether phosphorylation of PKR at Y162 also modulates PKR dimerization we decided to carry out a GST-PKR pulldown assay in the presence of dsRNA with in vitro-translated [ 35 S] methionine-labeled PKR-WT or PKR-Y162D proteins previously subjected to an in vitro SUMOylation assay in the presence or absence of SUMO1. As shown in Fig. 2F , GST-PKR exhibited a stronger interaction with PKR-WT than with PKR-Y162D both, in the absence and in the presence of SUMO. All together these results indicate that phosphorylation of PKR at tyrosine residue Y162 represents a mechanism for determining PKR-SUMO interaction. Moreover, our results indicate that the non-covalent interaction with SUMO of PKR has an impact on PKR SUMOylation and, consequently, on PKR activity.
Methods
Cell lines and virus. 3T3-like cells derived from homozygous PKR−/− mice were kindly provided by Dr. C. Weissmann. PKR−/− and HEK-293 cells were grown in DMEM supplemented with 10% FBS (Life Technologies), 5 mM L-glutamine (Life Technologies), and penicillin-streptomycin (Life Technologies). For infections, cells were infected with VSV of Indiana strain at a multiplicity of infection (MOI) of 10 pfu/cell.
Plasmids, transfections, and reagents.
Plasmid pcDNA3-PKR/HA 21 coding for human PKR was a generous gift of Dr. B. Y. Ahn. Plasmids pcDNA-His6-SUMO1, pcDNA-His6-SUMO2, pcDNA-Ubc9, and pcD-NA3-PKR/HA-SUMOmut were described previously 8, 22, 23 . Mutations were introduced using the QuikChange PCR-based site-directed mutagenesis kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions, using pcDNA3-PKR/HA plasmid as template and the oligonucleotides listed in Table 1 . The cells were transfected using Xtreme (Roche Diagnostics) following manufacturer instructions. Recombinant eIF2α was purchased from ProSpec.
Generation of stable cell lines. PKR−/− cells were co-transfected with a plasmid DNA containing a puromycin resistance gene and the indicated PKR plasmids (1:10 ratio), and were selected with puromycin (3 µg/ml) for 3 days.
In vitro SUMO conjugation assay. In vitro SUMO conjugation assays were performed on [ 35 S] methionine-labeled in vitro-translated proteins as described previously 24 using recombinant E1 SUMO-activating enzyme (SAE1/2) (Biomol, Enzo Life Sciences), E2 SUMO-conjugating enzyme (Ubc9), and SUMO1 or SUMO2. Proteins were separated by SDS-PAGE followed by autoradiography. The in vitro transcription/translation of proteins was performed by using 1 µg of plasmid DNA and a rabbit reticulocyte-coupled transcription/translation system following the manufacturer instructions (Promega). with poly(I:C) and 7 h after treatment cells were assayed for luciferase activity. The relative luciferase activity obtained after normalization to total protein amount is represented on the y-axis. Each experiment was done in triplicate and repeated three times. Bars, SE. *p < 0.05; **p < 0.005, Student's t test. (F) In vitro-translated [ 35 S]methionine-labeled PKR-WT or PKR-Y162D proteins previously subjected to in vitro SUMOylation assay in the presence or absence of SUMO1 were tested for interaction with GST-PKR protein in the presence of poly(I:C).
PKR protein kinase assay. Phosphorylation of eIF2α catalyzed by PKR wild-type or PKR-Y162D was carried out in the presence of dsRNA, and in the presence or absence of SUMO1, as indicated. The reaction was stopped by the addition of SDS-PAGE loading buffer, and proteins were separated by SDS-PAGE and transferred to nitrocellulose membrane. Phosphorylation of eIF2α was evaluated using the antibody anti-phospho-eIF2α.
Purification of His-tagged conjugates and immunoprecipitation assays. The purification of
His-tagged conjugates, using Ni 2+ -nitrilotriacetic acid-agarose beads allowing the purification of proteins that are covalently conjugated to His6-SUMO, was performed as described previously 25 . For immunoprecipitations, cells were lysed in RIPA buffer containing proteinase inhibitor mixture (Sigma) at 4 °C, cleared at 16,000 x g for 5 min and immunoprecipitated overnight at 4 °C after addition of 2 µl of the specified antibody and 50 µl of 50% protein A-Sepharose CL-4B beads (Amersham Biosciences). Beads were then washed 4 times with RIPA buffer and resuspended in 30 µl of SDS-PAGE loading buffer. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membrane.
Antibodies and Western blot analysis. Cells were washed in PBS, scraped in SDS-PAGE loading buffer and boiled for 5 min. Proteins of total extracts were separated by SDS-PAGE and transferred to nitrocellulose membrane. Western blotting was carried out using standard methods. All antibodies were used at a dilution of 1:1000 of the stock in blocking buffer (5% skim milk prepared in TBS-Tween). The membranes were incubated with the indicated antibodies, washed with TBS-Tween, and signals were detected by using chemiluminescence. Antibodies to PKR and eIF2α were purchased from Santa Cruz Biotechnology. Antibodies to phospho-eIF2α (Ser-51) and anti-SUMO2 were purchased from Life Technologies. Anti-VSV-M antibody was from KeraFAST. Anti-HA monoclonal antibody was purchased from Covance. Anti-actin antibody was from MP Biomedicals. Anti-phosphotyrosine antibody was from Cell Signaling. Anti-VSV-G antibody was a generous gift of Dr. I Ventoso.
Luciferase reporter assay. Cells were co-transfected with the reporter PGL3-control and the indicated plasmids, and 36 h after transfection cells were incubated with poly(I:C) (5 µg/ml) for 7 h. Then, cell extracts were harvested and assayed for luciferase activity after normalizing for the transfection efficiency by measuring the total protein.
GST pulldown.
GST pulldown experiments with the recombinant GST-PKR protein were performed in the presence of poly(I:C) using [ 35 S]methionine-labeled in vitro-translated PKR-WT or PKR-Y162D protein previously subjected to in vitro SUMOylation assay in the presence or absence of SUMO1, as described previously 8 . Pulldown experiments with GST-SUMO1 were performed as described previously 25 Table 1 . Oligonucleotides used in site-directed mutagenesis.
